notably phenylmercuric acetate (PMA), can induce stomatal closure (16, 17) . Most of these investigations with PMA were carried out on detached leaves with petioles dipping in water; it was found that the stomatal closing markedly reduced transpiration, whereas photosynthesis was reduced to a lesser extent. In these experiments it was demonstrated that the relations between both transpiration and photosynthesis and stomatal opening agreed with the equations relating diffusion of water vapor and CO2 to resistance calculated from stomatal dimensions (8, 17) .
The possibility of reducing plant transpiration by chemical treatment, without materially reducing photosynthesis, is of practical importance in arid regions. In addition, this method of transpiration control offered a promising tool for the study of soilwater-plant interrelations. To serve both ends, we sprayed various plants with PMA, and observed stomatal opening, transpiration, and photosynthesis or growth. This was performed on young maize growing in soil in a controlled-environment chamber, as well as on tobacco growing in a greenhouse and sunflowers outdoors. These experiments, performed in the controlled-environment chamber are reported here; the other experiments are reported in the accompanying paper. It was realized that entire plants, drawing their water from the soil, might respond differently to a spray of PMA than did detached leaves with petioles dipping in water. The prevailing opinion concerning transpiration (13) is that, within the entire range of available soil moisture, the main resistance to transpiration is in the gaseous phase, from the evaporating surfaces of the mesophyll cells, through the stomata to the ambient air; therefore, at a given diffusion pressure gradient from the soil to the air, the most decisive factor in controlling transpiration is the stomatal opening. If this be so, stomatal closing by chemical treatment should affect transpiration in the same way and magnitude observed in detached leaves. Further, this effect should be nearly independent of soil moisture per se. This similarity of response might apply to photosynthesis as well.
These similarities, however, would not occur if changes in the soil moisture brought about changes in the resistances of the soil and the plant that would be of a comparable magnitude to the diffusion resistance in the gaseous phase. Under these latter circumstances, stomatal opening might not be the only major factor controlling transpiration.
The analysis of the interaction of stomatal opening and soil moisture in their effect on transpiration and photosynthesis is usually complicated by the fact that low soil moisture is generally associated with a closing of stomata; thus it is difficult to evaluate these factors independently. The control of stomatal opening by chemical treatment and the measurement of stomata provided a possibility of isolating the stomatal resistance at various levels of soil moisture.
Materials and Methods
The effect of PMA spray on the transpiration and photosynthesis of young maize plants was determined in a controlled-environment chamber, under 4 soil moisture levels.
Maize (Zea wlays L. var. Connecticut 870) was grown in the greenhouse in pots containing 800 g (dry wt) of Cheshire sandy loam that had been screened through a 2 mm mesh. The moisture retention properties of this screened soil were determined (9, 10) . The water content at the 15-bar tension was 6.5 %. Also the pot capacity of the soil (analogous to the field capacity of natural soil) was determined by applying water on the top of a column of air-dry, screened soil, and measuring the average moisture content from the top to the wetting front after 24 hours; this moisture content was 18.0 %.
One plant per pot was grown. A plastic lid was placed on the pot to minimize direct evaporation from the soil, and the plants emerged through a hole in the lid. Soil moisture was determined by weighing the entire pot, soil, and plant. The soil was kept moist by frequent watering to the pot capacity during the first 3 weeks of growth. The actual experiment was performed 24 to 30 days after planting, when the plants had 4 
Theory
Both transpirationi an(l photosynthesis catn realistically be conceived ats steadly state processes, the former of water fronm soil, through the plaiht to the air, the latter of CO., fronm the air to the chloroplasts.
As such they may be consi(lere(d as catenary l)rocesses, wvhere the 2 substances move thlroughl a serics of resistances according to potential or concentration gradients, very much in analogy to Ohm's law (4, 6). Since transpiration is primarily a physical process it is easier to analyze than photosynthesis, whose metabolic factors are difficult to evaluate. Therefore, transpiration will be dealt with more extensively, with inferences concerning photosynthesis whereever possible.
Consider a plant growing in the soil and transpiring. Water moves from the soil to the air through a path, the various segments of which have various resistances and gradients. These gradients may be expressed in terms of water potential or of vapor concentration in equilibrium with a given potential. The former is commonly applied to describe the water energy status of the soil (moisture tension) or the plaint (diffusion pressure deficit), whereas the latter is used when dealing with vapor diffusion (Fick's first law). The theoretical treatment will be carried out mainly in terms of vapor concentration gradients for 3 reasons: A. simplicity; B. within the range encountered in the present experiment, water potential and the corresponding vapor concentration are almost linearly related; C. the most important resistance to the water and CO2 flux is in the gaseous phase, where flux is proportional to concentratioin gradients. It should be borne in mind, however, that when dealing with the liquid phase in the soil-plantair system, the term vapor concentration does not imply the presence of any vapor, but it describes the energy status of the liquid phase by means of the vapor concentration which would be in equilibrium with the water potential at any point in this phase. For interpretation, vapor concentration may be reconverted to the corresponding water potential.
For the transpiration process,
where T is transpiration, grams of water per cm2 of leaf surface per second; AC is the difference in vapor pressure along a segment of the water path, reduced to units of vapor concentration, grams per cm3; R is the resistance to water movement of the segments, in seconds per cm. The subscripts affixedl to A/C and R, designate the segments of the water path: s, the soil; p, the plant; these segments are those in which water moves in the liquid phase; a. the air; in this segment water moves in the gaseous phase, and it is divided into 2 sub-segments: st, the substomatal cavities and the stomata; ex, the external air outside the stomata.
Assuming transpiration to be a steady-state process, it would equal the water flux through any segment of the water path; therefore, 
XI
From this relative humidity, the corresponding water tension at the evaporating surfaces is calculated using relation VIII.
This theoretical treatment assumes isothermal conditions, in which the energy required for moving and evaporating water is derived entirely from an external source. Any temperature gradients present in the soil-plant-air system will modify these relations.
The effect of P'MA on stomatal opening provides, at a given environmental condition a wide range of stomlatal widths. This range makes possible a statistical evaluation of the function 11T = K1 + K,S; through this relatively simple relation, it is possible to estimate the rate of transpiration to be expected at anly stomatal wvidth, of which S is.a function. From this estinmate, the resistances and potential drops in the soil-plant-air system can be calculated, and the energy status of wN-ater at selected points along this systeml can be estimzated.
If the soil-plant resistance is small in comparison witlh the overall resistance, then the vapor concentration at the evaporating surfaces of the mesophyll cells would be near saturation. If, however, the soilplant resistance constitutes an appreciable portion of the overall resistance to water movement, then the air over the evaporating surfaces will be unsaturated to some degree, and the corresponding water tension at these surfaces may be quite high.
The sanme theoretical consideration elaborated upoln for transpiration, is valid for photosynthesis; that is, the rate of photosynthesis may be evaluated as a function of stomatal opening (through the intermediate functioni S), in the form of 1/P = K'1 + K'2S (where P is the rate of photosynthesis). However it should be recognized that although the path of CO2 from the outside air to the site of the acceptors on the chloroplasts is much shorter than the path of water from the soil to the air, it is a much more complex path, since the rate is governed not only by concentration gradients and resistances to diffusion, but also by metabolic and enzymic processes which are difficult to evaluate.
Results
Stonitatal Opening. Stomatal opening was studied both by direct microscopic measurement of width, and by permeability to air from the porometer (table  I) . Although there were, on the average, 1.25 times as many stomata on the lower surface as there were on the upper one, the width of the stomata on the upper and lower surfaces was averaged.
As was expected, the average stomatal width (lecreased with decreasing soil moisture, and at the lowest moisture, 10 %, it was too narrow to be reliably resolved. Within each soil moisture where stomatal width could be measured-i.e. 24 %, 18 and 13 %-PMA caused a clear decrease of stonmatal width. This decrease was more pronounced at the higher soil moistures, but even at 13 % moisture it wras highly significant.
The permeability index of the leaves decreasecl with decreasing soil moisture, and within each soil moisture, PMA lowered the index. This difference, caused by PMA, was significant even at the 10 % soil moisture. When the average stomatal widths at 24 %, 18 %, and 13 % soil moistures were relatedl to the corresponding permeability indexes, a significant linear correlation was disclosed, figure 1. It figure 2 and 3 were transformed into the curvilinear functions which show the relation between stomatal width an(d the rates of transpiration and photosynthesis (fig 4 and  5 ). Thus at a given stomatal width, the rates of both transpiration and photosynthesis are lower for the drier soils. The shape of these curves is in agreement with many previous works, notably those of Stalfelt (15) . At a given soil moisture, the increase in transpiration and photosynthesis caused by an increase in stomatal width is more pronounlced at small stomatal openings.
At a given stomatal aperture, the reduction in transpiration and photosynthesis associated w+ith the drier soil indicates that as the soil dries there is an increase in the soil-plant resistance to water movement, and a corresponding increase in the resistance to movement of CO., from the surface of the imesophyll cells to the chloroplasts.
Transpiration Resistance. Table II pre;ents the following calculated values for the transpiration process: overall resistance, plant resistance, saturation deficit at the evaporating surfaces of the substomatal cavities, and the water tension correspondling to this deficit. These values, calculated for 3 soil moistures and 4 stomatal widths, are based oni the following simplifying assumptions; the temiiperature, 300, is uniform throughout the soil-plant-air >-stem; the soil air is saturated and the chamber air is at 87 % relative humidity; the diffusion coefficienit D At any given stomatal width there was a steady increase in the overall resistance to water movement as the soil became drier; but since the resistance in the gaseous phase is assumed to be constant at a given stomatal opening, this increase in resistance must be attributed solely to the soil-plant segment of the water path.
At high soil moisture, small stomatal width and low turbulence, the soil-plant resistance constitutes a relatively minor part of the overall resistance (7 % at soil moisture = 24 %, stomatal width = 1, and L = 0.20 cm); at low soil moisture, wide stomata and high turbulence it may constitute up to 45 % of the over-all resistance. Under such conditions the saturation deficit of the air over the evaporating surfaces of the mesophyll cells may reach 7 % (93 % relative humidity). While this deficit may not seem very high, it should be noted that it corresponds to a water tension of over 80 bars. The possible occurrence of such high water tension at the evaporating surfaces is quite remarkable in view of the fact that even the plants at 13 % soil moisture were not wilted. Some measurements of maize leaf sap, using refractometric, conductimetric, and psychrometric methods (2, 12) , indicated that even in severely wilted plants the osmotic pressure of leaf sap was about 20 bars, and lower in turgid plants. Only when soil moisture was high, stomata almost closed and turbulence low, did the tension at the evaporating surfaces approach such low values.
Photosynthesis Resistance. The observations of photosynthesis indicate that as the soil dries, the resistance to the diffusion of CO2 from the mesophyll cell surfaces to the chloroplasts markedly increases, which could not be attributed to stomatal closure (fig 3 and 5; table I ). Since only comparative values were obtained by radioactivity, these resistances could not be calculated in absolute terms. It appears that the effect of soil moisture on the ratio of plant resistance to the overall resistance is even greater in photosynthesis than in transpiration, whereas the effect of stomatal opening on the overall resistance to CO2 movement is relatively less pronounced that on water movement.
Discussion and Conclusions
In earlier experiments, carried out with detached leaves (17) , the closing of stomata by PMA reduced transpiration more than photosynthesis, and this verified the hypothesis that stomatal resistance constitutes a larger part of the overall resistance in transpiration than in photosynthesis; the resistance to water movement exists largely in the gaseous phase (the liquid phase resistance being negligible), whereas the CO2 diffusion proceeds through this same gaseous resistance, as well as an additional resistance in the mesophyll.
The results of the present experiment indicate that in intact plants growing in the soil, too, the relative importance of stomatal resistance is greater in controlling transpiration than photosynthesis. The results also indicated, however, that both transpiration and photosynthesis were not single-valued functions of stomatal opening, but changed with soil moisture well above the wilting point. At any given stomatal opening, as the soil dried, the rates of transpiration and photosynthesis decreased.
The reduction in transpiration cannot be attributed to any appreciable change in the overall water potential gradient from soil to air. This gradient in the dry soil system is less than 1 % lower than in the wet, whereas the reduction in transpiration exceeded 30 %. That the overall gradient is essentially the same in the 3 soil moisture levels is borne out by the fact that the slope K, of the 1/T function, which according to equation VI is inversely proportional to vapor concentration drop, remained practically unchanged ( fig 2) . As the reduction in transpiration takes place at a constant gaseous resistance, it must be reasoned that the decrease in soil moisture was associated with an increase of the soil-plant resistance. Following Gradman and van den Honert's concept of water movement as a catenary process, this resistance appears to be great enough to influence water flux. This also means that as the soil dries, a considerable tension develops at the evaporating surfaces of the mesophyll cells, and a significant saturation deficit appears in the air in the substomatal cavities.
These findings contradict the present concept on the relative magnitude of resistances and gradients along the path of transpiration. This concept (13) (fig 4) . WN!hether the fin(lings of the present experiment are results of special experinmental conditions, or are more genieral, is not certain, although evidences of significant vapor saturation deficits in substomatal cavities have been reported (7, 14) . It The mechanism of this adjustment of resistance can only be conjectured. Although changes of permeability to various compounds are characteristic of cell membranes, they are not confined to biological systems. Boon-Long (1) found that evaporation from a collodion membrane separating water from air was reduced by the presence of sucrose in solution more than could be accounted for by the lowering of the vapor pressure by the solute. Hence, although the solution had an osmotic pressure of about 25 bars, the tension at the evaporating surface of the memiibrane was possibly a few hundred bars. One possible explanation is concentration, or even precipitation of the solute at the surface, since it cannot diffuise back rapidly into the main body of the solution; another possibility is the clogging of the submicroscopical pores by the large solute molecules, resulting in lower membrane permeability. In a plant the membrane resistance may change as the result of the above mentioned, as well as other biological processes.
In view of what is found in nonliving membranes, a tension of 80 bars at the evaporating surface of the mesophyll cells, whose sap has an osmotic pressure of less than 15 is not stirprising. Obviously, this tension is not transmitted into the interior of the cells, since a herbaceous plant is not likely to withstand a tension over 60 bars witlhout collapse.
The membrane resistance in Boon-Long's experiment increased with increasing evaporation. Accordingly, the plant resistance might increase with wider stomata. In the function 1/T -K1 + K,S, the plant resistance was included in the term K1 andl therefore considered indepen(lent of S. AlthoughI K2S may include not only the positive linear dependence of stomatal resistance on S, but also a smaller negative dependence of plant resistance on S, this was not supported by the results of the experiment.
Photosynthesis, too, is governed by resistance in the plant, which increases as the soil moisture dlecreases. At low soil moisture this resistance is so high, that stomatal width ceases to affect photosynthesis significantly.
The slope K'2 in the 1/P function, unlike its transpiration counterpart, decreases as the soil dries. Since, according to equation (VI) this slope is inversely proportional to the overall CO. concentration gradient, it must be assumed that this gradient was greater in the drier soil. This may be attributed to the fact that photosynthesis of the plants growing in 24 % soil moisture was almost twice as rapid as that in 13 %; as a result, the air in the chamber may have been depleted of CO., more about the wellwatered plants, resulting in a smaller overall gradient of CO, concentration.
Summary
The effect of phenylmercuric acetate on stomatal opening, transpiration, and photosynthesis in young corn plants was studied at various soil moistures. Stomatal closure induced by phenylmercuric acetate significantly reduced transpiration, while it reduce(d photosynthesis considerably less. In addition, decreased soil moistures, even within available range, caused a further reduction in both transpiration and photosynthesis which could not be attributed to stomatal closure. From the analysis of the resistance to water nmovemlent it seems that as the soil dries, a considerable resistance to water movement develops at the evaporating surfaces of the mesophyll cells. The water tension at these surfaces may reach 80 bars without the plants wilting. Similarly, the mesophyll resistance to CO., movement increases as soil moiistuire dlecreases.
